Blunt and penetrating liver injuries make up one-third of all abdominal injuries, and 5% of all trauma admissions are due to injuries to this organ [1] . Additionally, the majority of blunt liver injuries stem from motor vehicle crashes (Moore 2004) . Validated computational models of liver are useful for understanding injury to the liver from mechanical loading. It has been shown previously that the mechanical behavior of perfused ex vivo liver closely approximates the in vivo behavior, while unperfused ex vivo liver response differs significantly from the in vivo case [2] . Therefore, to achieve a realistic approximation of in vivo liver mechanics for injury prediction, it is beneficial to adopt a constitutive model for liver that incorporates both fluid and solid phases of the tissue, to reflect this perfusion effect.
INTRODUCTION
Blunt and penetrating liver injuries make up one-third of all abdominal injuries, and 5% of all trauma admissions are due to injuries to this organ [1] . Additionally, the majority of blunt liver injuries stem from motor vehicle crashes (Moore 2004) . Validated computational models of liver are useful for understanding injury to the liver from mechanical loading. It has been shown previously that the mechanical behavior of perfused ex vivo liver closely approximates the in vivo behavior, while unperfused ex vivo liver response differs significantly from the in vivo case [2] . Therefore, to achieve a realistic approximation of in vivo liver mechanics for injury prediction, it is beneficial to adopt a constitutive model for liver that incorporates both fluid and solid phases of the tissue, to reflect this perfusion effect.
The goal of this study is to characterize the mechanical response of perfused bovine liver tissue to unconfined compression using poroviscoelastic (PVE) modeling. This modeling approach quantifies both the solid and fluid phases of the tissue [3] , considering the solid phase as viscoelastic [4] .
The key advantage of PVE liver models over traditional viscoelastic models is the ability to examine pore fluid pressure, since fluid pressure has been shown to correlate well to injury severity [5] . In previous work, PVE modeling was shown to capture the mechanical behavior of unperfused samples of porcine liver tissue in unconfined compression [6] . The current study extends this work to examine the effectiveness of PVE modeling to capture perfused liver mechanical response.
MATERIALS AND METHODS

Unconfined Compression Experiments
Bovine livers were acquired at a local abattoir and stored in Dulbecco's Modified Eagle Medium (DMEM) until tested (within 36 hours post mortem). Samples approximately 27mm thick and 40mm in diameter with an intact portal vein of 4cm were collected manually using a surgical blade.
Compression testing was conducted using the Bose Electroforce Test Instrument and WinTest Software. The perfusate reservoir was placed 66cm above the testing surface in order to create physiologically accurate interstitial fluid pressures (0-6mmHg) in the liver sample. The sample was then perfused with room-temperature DMEM for 10 minutes until thermal equilibrium was established. Continuous flow of perfusate exiting the sample created an approximately frictionless boundary between sample and platens.
A total of four samples were pre-loaded to -10g at a rate of 0.001s -1 in order to achieve uniform surface contact and then thickness was measured. After pre-load, a ramp displacement to 5% strain was applied at a rate of 0.001s -1 . Reaction forces were monitored with a 1000g submersible load cell, and samples were monitored for 900 seconds of relaxation following ramp loading.
Finite Element Modeling
Previous work has shown PVE modeling using Abaqus SOIL analysis to work well in characterizing the mechanical response of unperfused porcine liver tissue in unconfined compression [6] . The current study uses SOIL analysis to model the mechanical response of perfused bovine liver tissue in unconfined compression.
A three-dimensional perfused finite element model was created, with model dimensions based upon mean sample dimensions post preload. Liver tissue was modeled as a porous material, with a viscoelastic solid phase. The rate dependent response was defined by a three-term Prony series and the rate independent response by a linear elastic material model.
Physical boundary conditions applied to the model include frictionless boundaries at the upper and lower surfaces of the sample, restrained X-Y displacement through the center of the sample and restrained Z-displacement on the lower surface of the sample. An input fluid pressure of 660 Pa was applied to a 2.46 cm 2 lateral surface of the model, representing a venous pressure input. Additionally, in order to allow free-drainage of perfusate, pore fluid pressure was set to zero at the lateral surfaces. An 8-node element with trilinear displacement and pore pressure and reduced integration were used (type C3D8RP).
A two phase optimization of Prony series parameters was conducted on mean relaxation data by first using a nonlinear least-squares algorithm followed by global curve fitting within Abaqus. The elastic modulus was calculated as 500Pa from the mean equilibrium reaction force. Poisson's ratio was assumed to be 0.35 [7] , and the initial void ratio was set at 0.2 based upon image analysis of solid and void volume in a bovine liver histological sample.
RESULTS
Experiments
Experimental data is shown in terms of reaction force rather than stress (Fig. 1) , since the cross-sectional area of the samples was not measured as a function of time during the experiments. Both the PVE and VE models were able to capture the equilibrium reaction force, while the fluid effects are highlighted by the difference in the model predictions of peak load. Model parameters and curve fitting Prony series parameters were determined to be g 1 = 0.20, g 2 = 0.10, g 3 = 0.40, τ 1 = 400 s, τ 2 =5 s and τ 3 = 50 s. Abaqus permeability input, also referred to as hydraulic conductivity, was set at 3.04 x 10 -9 m/s [8] .
Material parameters for the PVE and VE model were identical except for fluid flow terms. This allowed examination of the isolated fluid effect on the models, demonstrating a better correlation between PVE and experimental data. Linear regression results (Table 1) indicated the goodness-of-fit to the experimental data (R 2 ) as well as slope, where values at unity indicate a one-toone relationship between model and experimental data. 
DISCUSSION AND CONCLUSIONS
This study showed the ability of a PVE model to accurately capture the mechanical behavior of perfused bovine liver tissue in unconfined compression (slope > 0.86, R 2 > 0.94). This model was able to capture the compression and initial relaxation of the tissue precisely, but overshot the equilibrium load.
Future work will explore the weaker correlation at equilibrium, investigating longer tissue relaxation times. Additionally, interstitial fluid pressure will be monitored experimentally in order to validate PVE pore fluid pressure predictions.
